IMPORTANCE Neurological complications are an increasingly recognized consequence of the use of anti-programmed death 1 (PD-1) antibodies in the treatment of solid-organ tumors, with an estimated frequency of 4.2%. To date, the clinical spectrum and optimum treatment approach are not established.
N eurological complications are an increasingly recognized consequence of the use of anti-programmed death 1 (PD-1) antibodies in the treatment of solidorgan tumors, with an estimated frequency of 4.2%. 1 The major role of the human cell surface receptor PD-1 is to limit T-cell activity in peripheral tissues, which is important in selftolerance and prevention of autoimmunity. When bound by its ligands PDL1 and PDL2, PD-1 inhibits T-cell activation and limits immune effector responses. 2 Tumors can express PD-L1
as one mechanism of inhibiting antitumor T-cell-mediated responses in the tumor microenvironment. Therapeutic blockade of this pathway with the use of anti-PD-1 monoclonal antibodies, such as pembrolizumab and nivolumab, can thereby increase the immune response against tumor cells. 2 Initially approved for the treatment of unresectable metastatic melanoma and non-small cell lung cancer, they are now increasingly used to treat a variety of solid-organ and hematological cancers.
Immune checkpoint inhibitors are generally thought to have a unique adverse effect profile in the form of immunemediated adverse events, with disruption of immune checkpoint inhibition leading to imbalances in immune tolerance. However, the exact mechanism underpinning these adverse events largely remains unknown. Limited insight in favor of an immune mechanism comes from experience with cytotoxic T-lymphocyte antigen 4 (CTLA-4) inhibitors. 3, 4 From the series of KEYNOTE clinical trials with PD-1 inhibitors, a number of adverse events with an immunemediated mechanism were identified as being of special interest, including thyroid dysfunction, pneumonitis, colitis, hepatitis, nephritis, hypophysitis, uveitis, type 1 diabetes, and myositis. 5, 6 With the exception of thyroid dysfunction, colitis, and hepatitis, most of these complications were rare, occurring in less than 1% of treated patients. Severe (grade 3-4) adverse events occur in approximately 7% to 12% of patients treated with PD-1 inhibitors, 7 with the likelihood of adverse events rising to as high as 55% in those treated with the combination of a PD-1 inhibitor and a CTLA-4 inhibitor (ipilimumab). 8 More recently, there has been an increase in the number of case reports of neurological complications associated with anti-PD-1 therapy. Neuromuscular complications appear to be the most common and include myasthenia gravis, 1,9-11 necrotizing myopathy, 12,13 vasculitic neuropathy, 14 and polyradiculoneuropathy. 15, 16 Other neurological complications that have been described include focal seizures associated with inflammatory cerebral lesions on magnetic resonance imaging (MRI), 17 limbic encephalitis, 18 and retinopathy. 19 However, the full spectrum of neurological complications relating to anti-PD-1 therapy and the clinical phenotype are not well characterized. The severity of these complications and the optimum approach for evaluation and treatment are also not well known to date. We aimed to define the frequency, phenotypes, and severity of neurological complications associated with anti-PD-1 therapy at a single center. Furthermore, we gathered information regarding prognosis and treatment and defined an approach to evaluation and treatment of these patients.
Methods
Standard Protocol Approvals, Registrations, and Patient Consents
Mayo Clinic Investigational Review Board approved the study. We included patients who had given written informed consent allowing their medical records to be used for research purposes.
Patient Selection
We searched the Mayo Cancer Pharmacy Database in Rochester, Minnesota, for patients receiving anti-PD-1 monoclonal antibodies (pembrolizumab or nivolumab) for the treatment of malignant melanoma or other solid-organ tumors from September and December 2014 (the approval dates of the study drugs by the US Food and Drug Administration) to May 19, 2016 . We identified those patients who developed neurological disorders after treatment with these medications. For inclusion, the neurological condition must have occurred within 12 months of anti-PD-1 antibody use. Any new neurological symptoms occurring during treatment were included. We excluded those patients with neurological symptoms that were found to be directly attributable to their metastatic disease or other concurrent cancer-related treatments. Clinical, laboratory, electrodiagnostic, radiological, and pathological information was extracted by retrospective medical record review. Clinical follow-up and management were reviewed in all cases.
Scoring of the Severity
The modified Rankin Scale (mRS) score was used to measure the degree of dependence in daily activities referable to the neurological complication. 20 The scale ranges from 0 (no symptoms) to 6 (death).
Electrodiagnostic Testing
Nerve conduction studies and electromyography (EMG) were performed. These assessments used methods standard for the EMG laboratory at Mayo Clinic.
Key Points
Question What are the frequency and characteristics of neurological complications from anti-programmed death 1 (PD-1) antibody use?
Findings Among 347 patients treated with anti-programmed death 1 (PD-1) antibody use (pembrolizumab or nivolumab), this cohort study supports a low frequency (2.9%) of neurological complications associated with anti-PD-1 therapy. The range and severity of complications are diverse, including necrotizing myopathy, various neuropathies, cerebellar ataxia, internuclear ophthalmoplegia, retinopathy, and headache; the median modified Rankin Scale score of 2.5 indicates mild to moderate disability.
Meaning Subacute presentation of neurological symptoms in a patient receiving anti-PD-1 therapy should prompt consideration of an association and discontinuation of anti-PD-1 antibody use and possible treatment with corticosteroids or other immune treatment depending on the severity.
Statistical Analysis
Descriptive summaries are presented as frequencies and percentages for categorical variables. They are presented as the median and range for continuous variables.
Results
In total, 347 patients had received treatment with an anti-PD-1 antibody at the time of our study, with 204 patients receiving pembrolizumab and 142 patients receiving nivolumab. There was also one additional patient who initially received nivolumab and then was switched over to pembrolizumab. We identified 10 patients of the 347 with neurological complications related to the treatment, giving a frequency of 2.9%. One case has been previously reported 13 (patient 1 in Table 1 ).
We excluded an additional 4 patients, including 1 patient with foot drop from peroneal neuropathy related to weight loss, 1 patient with peripheral neuropathy from the use of brentuximab, and 2 patients with subacute decline in mobility (1 with hydrocephalus on neuroimaging and 1 multifactorial). The patients included 8 men and 2 women. Their median age was 71 years (age range, 31-78 years). Melanoma was the most common cancer (n = 5), followed by lung adenocarcinoma (n = 2), peritoneal mesothelioma (n = 1), esophageal adenocarcinoma (n = 1), and leiomyosarcoma (n = 1). All patients had stage IV metastatic disease. None of the patients had a history of autoimmune or neurological disease.
Seven patients had complications during pembrolizumab therapy, and 3 patients had complications during nivolumab therapy. Neuromuscular disorders were the most common neurological complications and included myopathy (n = 2) and Research Original Investigation Neurological Complications Associated With Anti-Programmed Death 1 (PD-1) Antibodies neuropathy (n = 4). There were also single cases of cerebellar ataxia, autoimmune retinopathy, bilateral internuclear ophthalmoplegia, and headache. Neurological complications occurred after a median of 5.5 (range, 1-20) cycles of anti-PD-1 therapy. Each cycle was defined as the 3-week interval between treatments. The time of onset to maximum symptom severity varied considerably, ranging from 1 day to more than 3 months.
The cases of myopathy are summarized in Table 2 . Patient 1 had an aggressive necrotizing myopathy with several unusual features, including severe extraocular, bulbar, and respiratory muscle weakness. Muscle biopsy of the right triceps showed confluent areas of muscle fiber necrosis (Figure, A) . Patient 2 had a mild proximal myopathy clinically and on electrodiagnostic testing. Muscle biopsy of the right biceps showed only scattered necrotic fibers, along with some ring and lobulated fibers (Figure, B) . There was absence of inflammatory cells in both patients on muscle biopsy. Patient 1 had anti-exosome (PM/Scl) antibody (35 U, with normal being <20 U). Neither patient had antibodies to 3-hydroxy-3-methylglutaryl-coenzyme A reductase, and antibodies to signal recognition protein were also negative in patient 1. The 4 peripheral neuropathy cases are summarized in Table 3 . These patients showed a variable phenotype. Patient 3 had an axonal thoracolumbar polyradiculopathy evolving over weeks to months. Patient 4 had a severe lengthdependent peripheral neuropathy with mixed axonal and demyelinating features. Patient 5 had an acute inflammatory demyelinating polyradiculoneuropathy with prominent facial diplegia. Patient 6 had a severe subacute asymmetric neuropathy with peroneal predominance suggesting multiple mononeuropathies. Left sural nerve biopsy in this patient revealed necrotizing vasculitis ( Figure, C and D) .
In addition to the cases of myopathy and peripheral neuropathy, we identified 4 other cases of neurological complications from anti-PD-1 therapy (Table 1) . Patient 7 developed progressive dysarthria, as well as truncal and gait ataxia. Magnetic resonance imaging showed no evidence of metastatic disease or abnormal contrast enhancement. There was spontaneous improvement after discontinuation of treatment with anti-PD-1 therapy, and no further testing was pursued. Patient 8 developed a dark spot in the periphery of his vision, and eye examination revealed a melanocytic choroidal lesion in the right eye, as well as bilateral diffuse uveal melanocytic proliferation. Patient 9 developed binocular diplopia with bilateral internuclear ophthalmoplegia on examination. Magnetic resonance imaging without contrast (owing to renal impairment) was unremarkable. Initial lumbar puncture was a traumatic tap, and follow-up cerebrospinal fluid examination was normal. Findings from electrophysiological testing, including 2-Hz repetitive nerve stimulation of the spinal accessory and facial nerves and single-fiber study of the frontalis muscle, were normal. Results of testing for acetylcholine receptor antibodies, striated muscle antibodies, and anti-ganglioside Q1b (GQ1b) were normal. Serum and cerebrospinal fluid paraneoplastic studies were remarkable only for a mildly elevated serum glutamic acid decarboxylase antibody titer of 0.13 nmol/L. Patient 10 had acute onset of severe headache the day after the 14th cycle of nivolumab requiring hospital admission. Brain MRI revealed no acute abnormalities, and the headache promptly improved with intravenous dexamethasone sodium phosphate therapy.
Five patients experienced other systemic PD-1-related immune-mediated complications, including hypothyroidism (in patients 3, 5, and 9), colitis (in patients 2 and 10), and hepatitis (in patient 5). The time to maximum symptom severity varied from 1 day to more than 3 months. The median mRS score was 2.5 (range, 1-5), indicating mild to moderate disability. Patient 1 required ventilatory and nutritional support. Four patients (patients 3, 4, 6, and 7) required an assist device for ambulation.
Anti-PD-1 therapy was discontinued in 7 patients (Table 1 ). The mean duration of symptoms until the initiation of immune 1-70 days) . Seven patients received corticosteroids as part of their treatment, which were typically administered as prednisone (1 mg/kg daily), tapering by 10 mg each week. The mean duration of treatment with corticosteroids was 27 days (range, 7-75 days). Also, 3 patients received courses of intravenous immunoglobulin (2 g/kg), 2 as monotherapy and the other in conjunction with prednisone, and 1 patient with myopathy received plasma exchange in addition to prednisone. Nine patients improved, 1 spontaneously and 8 with immune rescue treatment, with a median mRS score of 2 (range, 0-6). Despite high-dose prednisone and plasma exchange, patient 1 died after withdrawal of ventilatory support 1 month after onset of symptoms. Of the 9 patients who survived, 3 had subsequent progression of their cancer and eventually died of their underlying disease, 2 patients remained in complete remission, and the other 4 patients were stable. Four of 10 patients received subsequent anti-PD-1 therapy. Patient 2 developed worsening liver function test results after 1 cycle, and the drug was discontinued again. Patients 8, 9, and 10 were able to tolerate further treatment, but 2 required maintenance intravenous immunoglobulin (patient 8) or dexamethasone (patient 10) for immunomodulation.
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Discussion
In our series, we identified 10 cases of neurological adverse events among a total of 347 patients treated with anti-PD-1 monoclonal antibodies (pembrolizumab or nivolumab) (frequency, 2.9%). Therefore, a neurological complication from anti-PD-1 therapy still appears to be rare. This frequency is similar to the rate in a recent retrospective review by Zimmer et al 1 : from a total of 496 patients treated with anti-PD-1 therapy, they identified 6 patients with polyradiculitis or polyneuropathy, 2 patients with isolated cranial neuropathy, 1 patient with myasthenia gravis, 5 patients with myositis or muscle-related weakness, 3 patients with seizures (one of whom also had parkinsonism and bradykinesia), and 4 patients with uveitis or iritis. As in our series, neuromuscular complications were the most common neurological adverse events from anti-PD-1 therapy. Referral bias may also be a factor because our center sees complex oncology patients, often with multiple comorbidities, who may be at greater risk of treatmentrelated toxic effects. In addition, due to the retrospective nature of this cohort study, there is limited control over data collection, and existing data may be incomplete, inaccurate, or inconsistently measured among participants.
Our series expands the clinical phenotype of these disorders and provides important serological, electrodiagnostic, radiological, and pathological findings that, to our knowledge, have not been previously discussed in detail. Involvement of the peripheral nervous system appears to be more common in our study, which may be an incidental finding and needs to be replicated at other centers. The range of neuromuscular complications is diverse, without one specific phenotype. The spectrum of neuropathies suggests that there can be both axonal and demyelinating types. While there has been a previous report of a microvasculitis of nerve, 14 our series demonstrates the first case of necrotizing vasculitis to date. The myopathy due to anti-PD-1 therapy seems to have a unique pathological profile with evidence of necrotizing myopathy, and the clinical phenotype can range from a mild proximal myopathy to a severe myopathy with prominent respiratory, bulbar, and extraocular involvement. We did not observe any disorder involving the neuromuscular junction in our series; however, the prominent bulbar involvement of the myopathy could be mistaken for a disorder of the neuromuscular junction. In addition, we found single cases of cerebellar ataxia and bilateral internuclear ophthalmoplegia that have not been described to date in association with anti-PD-1 therapy. There were also single cases of autoimmune retinopathy and headache. Autoimmune retinopathy has been previously reported, 19 while headache is a commonly reported adverse event, with an estimated frequency between 12% and 24%. 21 Our series demonstrates the importance of careful clinical evaluation and testing, as well as pathological confirmation, to understand these conditions and guide treatment.
The time from starting anti-PD-1 therapy to development of neurological complications was variable; therefore, the clinician needs to maintain a high suspicion for these disorders. This observation is consistent with the variability in published individual case reports. Furthermore, the timeline of these adverse events can also vary considerably, with some cases starting more insidiously and evolving over months but with other cases progressing rapidly over days to weeks.
The muscle and nerve biopsies provide additional information regarding the potential pathogenesis of adverse neurological events with anti-PD-1 antibodies. The patient with necrotizing vasculitis (patient 6) had large epineurial perivascular inflammatory collections composed of primarily T lymphocytes. The inflammatory reaction is likely due to the blockade of the PD-1 pathway, enhancing the activity of effector T cells in tissues.
2 Patient 1 had no inflammation on muscle biopsy, which may be due to the broader mechanism of action of anti-PD-1 antibodies, which includes not only enhancing the activity of effector T cells but also enhancing natural killer cell activity, as well as promoting antibody production indirectly or through direct effects on PD1-positive B cells. 2 This theory is further supported by the positive anti-PM/Scl antibody that can be found in patients with dermatomyositis, polymyositis, systemic sclerosis, and systemic autoimmune disease overlap syndromes.
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Limitations
Based on the small number of cases in our series, it is not possible to determine the optimum treatment regimen for these complications. Guidelines for the best treatment of these neurological adverse events remain sparse. Previously published recommendations include discontinuation of the medication in moderate to severe (grade 2-4) adverse reactions, plus a course of high-dose prednisone (0.5-2 mg/kg daily) tapered over at least 1 month, with additional immunosuppressive therapy reserved for those who worsen despite corticosteroid therapy. 7 In our series, all but 3 patients had prompt discontinuation of treatment with anti-PD-1 antibodies. Most patients in our series also received high-dose prednisone (1 mg/kg), followed by a taper of 10 mg per week, with generally favorable outcomes. However, it was not clear if immune suppressant treatment was required in all of these patients, including 2 of the 3 patients continuing on therapy with anti-PD-1 antibodies who were given ongoing immune rescue treatment. The one clear exception was the patient with severe necrotizing myopathy, who did not respond to corticosteroids or the addition of plasma exchange. The severe bulbar weakness likely contributed to the poor outcome in that particular case. If a complication related to anti-PD-1 use is suspected, then prompt discontinuation of the anti-PD-1 antibody treatment is recommended, while evaluation is pursued. As part of the workup of neuromuscular complications, we recommend electrodiagnostic studies and consideration of muscle or nerve biopsy to better understand the pathophysiological mechanisms underlying these adverse events. If the clinical examination demonstrates severe clinical deficits at onset or worsens despite medication discontinuation, additional immune suppressant treatment should be considered. Corticosteroid treatment is the most common first-line agent, and a regimen of prednisone (1 mg/kg) with a taper over 1 month is recommended. The addition of intravenous immunoglobulin or plasma exchange can be considered if there is continued clinical worsening.
Conclusions
Patients receiving treatment with anti-PD-1 antibodies have metastatic cancer and are at risk of developing neurological complications related to their underlying disease. A thorough differential diagnosis and search for other potential causes must be performed in each case. As our series demonstrates, it is important to appreciate that new neurological symptoms in these patients could also herald onset of immune-mediated complications related to the treatment itself. The clinician must remain vigilant at all stages of treatment and even for a period after treatment has been completed. The neurological deficits can evolve rapidly and may be severe or life-threatening in some cases. However, with prompt recognition and intervention, the outcomes are generally favorable. Although neurological complications relating to anti-PD-1 antibody therapy appear to be rare, we will likely encounter more cases in the future as the use of these medications in the treatment of metastatic cancer continues to expand. 
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